Abstract. This paper reviews the understanding of fretting fatigue with an emphasis on the behavior of Ti-6Al-4V. Advances in life prediction and assessment approaches are highlighted. The role of microstructure on fretting fatigue and its use to detect fretting fatigue damage can now be considered in assessment strategies. Various palliatives are used to enhance the fretting fatigue resistance. These include treatments to introduce compressive residual stress and surface coatings that reduce friction and/or protect the underlying structural material.
Introduction
This paper reviews the tremendous progress over the past decade to understand and predict the fretting fatigue behavior of Ti-6Al-4V, a common alloy used in applications requiring high specific strength. Fretting fatigue is of particular concern for dovetail attachments between the blades and disks in compressors of aerospace gas turbines, spline couplings of shafts, and mechanical joints in orthopedic implants. In the past decade there has been considerable focus on the fretting fatigue behavior of the duplex microstructure consisting of 60 vol. % equiaxed primary α (hcp structure) and 40 vol. % secondary lamellar α+β domains about 10 to 15 µm in size composed of alternating lathes of α and bcc-structured β. This was the baseline microstructure used for several projects carried out under the Air Force High Cycle Fatigue (HCF) program from 1995 to 2005 [1, 2] . Unless noted otherwise, the majority of the data reported in this review was generated on this or similar microstructure. The microstructure has an initial random texture with yield strength 930 MPa, ultimate tensile strength 978 MPa, and cyclic yield strength of 797 MPa [1] .
The fretting fatigue process can be divided into two parts. The first is the formation of fretting cracks and the second is the growth of fretting fatigue cracks. The drivers for each of these processes are different. Both processes must occur to realize a catastrophic fretting fatigue failure. If fretting cracks do not form, fretting fatigue will not occur. But even if fretting cracks form, a catastrophic fretting fatigue failure will not occur if these cracks do not grow outside of the fretting fatigue process volume (FFPV) associated with the formation of the crack. Hence, the fretting fatigue limit is associated with the threshold limit for propagating the fretting cracks. In most fretting fatigue experiments and in applications, the drivers for fretting crack formation and crack growth outside of the FFPV cannot be easily separated, so there is an apparent coupling between the two. However, experiments involving the independent control of the drivers for fretting crack formation and crack growth (e.g., [3, 4] ) suggest that these two processes can be separated for the purposes of material response and prediction analyses. This is extremely helpful in understanding how different palliatives mitigate the fretting drivers. Some palliatives are aimed at fretting crack formation while others at reducing the fretting fatigue crack growth drivers.
Fretting Crack Formation
The drivers for fretting crack formation can be understood through the use of fretting maps shown in Fig. 1 . These maps relate the normal force and the displacement amplitude to the running condition and material response. The running condition is characterized by the tangential forcedisplacement (Q-δ) hysteresis response that evolves as a function of cycles as the interface changes with fretting. Three primary regimes of running conditions can be identified: partial slip regime (PSR), mixed slip regime (MSR), and gross slip regime (GSR). The PSR represents conditions where part of the interface remains in stick for all cycles. Gross slip conditions, characterized by the horizontal parts of the Q-δ hysteresis loops, occur at larger displacement amplitudes. The MSR is characterized by initial gross slip that transitions to partial slip conditions with continued cycling, due to the increase in the coefficient of friction (COF) from the fretting damage in the slip regions.
The material response fretting map (MRFM) shown in Fig. 1 identifies the conditions that lead to fretting crack formation. The running conditions that lead to crack formation include MSR and PSR. In the PSR, the severity of fretting, quantified by the size of the fretting crack, increases with an increase in the δ a and increase in size of the FFPV, which is related to the extent and magnitude of the fretting stresses. Alternatively, Q a can be interchanged with δ a when operating in the PSR due to the linear relationship between Q a and δ a in that regime. In the PSR, the normal force has a lesser effect than δ a on crack formation (note the vertical transition boundary on the MRFM in Fig. 1 ) as long as the normal force is above a threshold related to the size of the FFPV [6] .
The sizes of cracks formed in fretting of Ti6Al-4V on itself as a function of δ a covering the three regimes for a constant normal force are shown in Fig. 2 . The longest, worse-case cracks are generated in the MSR for dry contacts. Reported sizes range from 50 to 150 µm [3, [7] [8] [9] [10] . Near the transition between MSR and GSR, the fretting cracks reach their maximum size early in fretting cycling. In the PSR, the fretting cracks continue to grow after forming early as shown in Fig. 2(a) . Fig. 1 . Fretting maps [5] . Fig. 2 . (a) Maximum crack length and (b) maximum value of tangential force Q max as a function of displacement amplitude for the fretting condition: Ti-6Al-4V on Ti-6Al-4V cylindrical contact with radius of 10 mm and width of 3 mm, P = 1000 N (P/P y = 0.27) [7] .
As the relative slip goes beyond the transition to gross slip, the fretting fatigue life increases because the fretting cracks that form are smaller [11] [12] [13] . This is attributed to the formation of wear particles that tend to prevent large cracks from forming [11, 13] . In addition, wear expands the pressure and shear traction distributions at the interface effectively reducing the fretting stress concentration at the edge of contact [11, 12, 14] . Wear particles also tend to fill cracks leading to a reduction in fatigue crack growth driving force when there is some wear [15] . Wear particle formation itself is a fatigue process. Cracks tend to grow parallel to the surface in gross slip due to the tractions acting at the interface which tends to promote wear particle formation [16] .
The bulk cyclic loading or residual stresses do not significantly affect the transition when these parameters are controlled independently [17] . For example, changing the phasing of the tangential force cycle and bulk fatigue stress cycle does not alter life if the bulk loading conditions and tangential force range are the same for different phasing [4] . This suggests that the material response associated with Q a can be decoupled from the bulk cyclic response. The Q a is a primary component of the driver for formation of the fretting cracks; the bulk fatigue stress is the main driver growing the fretting-initiated crack into the bulk. In the GSR, Q a is no longer a useful parameter to characterize the fretting damage since it does not change with δ a yet the maximum fretting crack size is smaller with increasing δ a (compare Figs. 2(a) and 2(b)).
Predicting Fretting Crack Formation
The driving force for crack formation is related to the cyclic stress-strain state in the FFPV near the interface of the two bodies. This cyclic stress-strain state depends on the interfacial pressure and shear tractions as well as any bulk cyclic loading. It also depends on the microstructure when the FFPV is the same size as critical microstructure attributes such as grain size [18] [19] [20] [21] . For simple geometries such as cylinder-on-flat contacts and assuming linear elastic material behavior and a constant COF, these responses can be determined analytically [22, 23] . For more complex twodimensional contact configurations including flat with blending radii and surfaces with roughness, semi-analytical approaches can be used provided the material remains nearly linear elastic (e.g., [24] ) or the finite element method is used when the geometry and loading representing the attachment is complex and when nonlinear material models need to be considered. The difficulty with using the finite element method is the need for extreme mesh refinement or submodeling at the fretting hot-spot location. It is important to enforce stick and slip constraints along the interface to determine the local relative slip at the interface which is considerably smaller than what is measured at a remote point in a fretting fatigue experiment [25, 26] .
These analyses typically show that the fretting hot spot is located near an edge of contact. Under conditions that promote fretting fatigue, this location is analogous to a sharp stress concentration [27, 28] . Hence, characteristic of a sharp stress concentration, multiple cracks readily nucleate under cyclic loading [7, 15, [29] [30] [31] [32] [33] [34] . Several criteria have been used to relate crack formation to the cyclic stress state [35] . Presently, critical plane multiaxial fatigue approaches that capture mean stress effects have the most general utility as fatigue parameters, particularly since the orientation of the fretting fatigue cracks depend on the cyclic stress-strain state. After the stabilized cyclic stress-strain response is determined in the body, the responses on different planes at potential hot spots are determined. Crack nucleation is then related to the magnitude of the fatigue parameter, often calibrated to smooth specimen data. For design, the relative magnitude of the fatigue parameter has utility as a performance metric.
Several critical plane multiaxial fatigue parameters have been considered for Ti-6Al-4V. Since shear cracking is promoted in the crack nucleation of Ti-6Al-4V, shear-based critical plane parameters, particularly ones that include a normal stress parameter to account for normal mean stress effects, tend to work the best in predicting the location and orientation of the crack as well as correlating cycles to failure based on smooth specimen data [1, 2, 18, [36] [37] [38] [39] . The two parameters that have exhibited the best success in correlating lives of Ti-6Al-4V include the FSK (FatemiSocie-Kurath) parameter [40, 41] , Key Engineering Materials Vols. 378-379 149
used by [35] for fretting fatigue (note that k is typically unity for HCF though can be higher for LCF; Ref. [36] used k = 6.0 for Ti-6Al-4V) and the modified shear stress range parameter, P MSSR [18, 39] ,
where ∆τ crit is the shear stress range on the critical plane that is modified to account for the mean shear stress,
and σ max is the maximum normal stress acting on this plane at any point during the cycle. All planes at a point or averaged within a critical volume are evaluated and the one giving the largest value for P MSSR is the critical plane. For the duplex Ti-6Al-4V microstructure, the material parameters that have been shown to correlate the data are m = 0.45, A = 0.75, B = 0.5, C = 0.75, D = 0.5 [18, 39] . The P MSSR is essentially a generalization of the Findley critical plane model [42] that was found to correlate Ti-6Al-4V multiaxial plain fatigue data well [1, 2, 36] ,
where max σ is the maximum normal stress on the plane experiencing the maximum shear stress range. However, the Findley parameter did not predict the crack orientation in fretting fatigue [18, 39] using a k of 0.35 based on the plain fatigue of Ti-6Al-4V [1, 36] .
The Smith-Watson-Topper (SWT) parameter P SWT [43] has also been shown to be a successful fatigue parameter for Ti-6Al-4V [7, 35, 44, 45] . It is defined by
where max σ is the maximum normal stress on the critical plane at any point during the cycle and ε a is the strain amplitude on the same plane. The P SWT can be correlated to smooth specimen data for Ti-6Al-4V using modified Coffin-Manson parameters: f σ ′ = 2200 MPa, b = -0.1260, ε ′ = 2.8, c = -0.86, and E = 120,400 MPa [44] . This life fit was developed using uniaxial data from [1] and is valid for lives between 3000 and 10 6 cycles including data with strain ratios ranging from R = -1 to 0.8. The threshold value of P SWT for long lives from 10 6 up to 10 8 cycles is 1.0 MPa. The P SWT is not always consistent in predicting the initial crack orientation [2, 18, 39, 46] , which is inconsistent with a critical plane theory, though as the cracks grow away from the surface, the orientation often transitions to one consistent with P SWT [32] .
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The predictions using these critical-plane fatigue parameters based on the stresses at the critical hot spot point are almost always more conservative when lives are predicted based on smooth specimen data [7, 47, 48] . That is, the predicted knockdown is much more severe than fretting fatigue experiments exhibit. This is attributed to the severe gradient in the cyclic response near the hot spot point. Hence, analogous to notch analysis, the steep gradient in the response over a critical FFPV surrounding the fretting hot spot needs to be considered in the analysis either through some averaging scheme [7, 18, [48] [49] [50] [51] or critical distance [52] . The depth of this volume ranges from 10 to 50 µm in typical attachment applications involving Ti-6Al-4V [6, 7, 50, 51, 53] . For example, based on the results shown in Fig. 2 , the critical size of the FFPV is 30 µm in the depth direction if the critical value for P SWT is 2.8 MPa, which represents 25,000 cycles to crack initiation based on Eq. (5) (see Fig. 3 ). The depth of this critical volume often relates to the maximum depth influenced by the fretting stresses. An alternative approach for capturing the hot spot volume for determining fretting crack nucleation in the PSR involves using an asymptotic approach to determine the intensity of the stresses at the edge of contact [33, [53] [54] [55] [56] [57] . In this approach either the intensity of the singularity in the stress field near the edge of contact is correlated to crack nucleation or the singular stress field is used to determine the driving force for cracks emanating from the edge of contact.
In reality, the mechanism for crack nucleation in fretting fatigue is likely related to ratcheting, a localized progression of plastic strain in one direction. Ratcheting is observed experimentally [31] and is promoted in modeling when the influence of microstructure in the deformation field is captured, which requires microstructure-based plasticity models [19] [20] [21] . Conventional elasticplastic models based on J 2 plasticity cannot capture the level of localized ratcheting in heterogeneous microstructures, hence employing a ratcheting parameter will not be fruitful unless a comprehensive microstructure-based plasticity is used. As the physics of the deformation process is captured better in the future, a ratcheting-based criteria, typically related to ductility exhaustion [58] , will likely be more appropriate for determining crack formation. Ratcheting is a shear-based phenomena that likely is affected by the normal stress on the maximum shear plane. The P FSK and P MSSR involve the same parameters that will relate to ratcheting, so it is not surprising that these parameters tend to work well.
The local fretting stresses and hence the fretting damage prediction (i.e., the magnitude of the fatigue parameter) strongly depend on the COF [59] [60] [61] . Hence, the choice of the COF used in fretting fatigue analyses is critical. Friction in the slip regions usually increases significantly during fretting, typically during the early stages. This is attributed to (a) the removal of the passivation layer leading to metal on metal contact and local adhesion or instantaneous welding of asperities, (b) the increase in the real contact area due to the wear of the highest asperities, and (c) build-up of material, a plunging effect, that provides additional tangential force resistance, particularly important near gross slip conditions [51] . For fretting of Ti-6Al-4V on itself or another Ti alloy, the reported steady-state COF measured in experiments ranges from 0.5 to 1.5 [1, 7, 11, 16, 51, [62] [63] [64] . It needs to be kept in mind that these measured values are still an aggregate measure representing the average response over the region undergoing slip assuming the entire interface is in contact. In reality the real area of contact is considerably smaller than the area of contact and hence locally, the Ti-6Al-4V on Ti-6Al-4V cylindrical contact with radius of 10 mm and width of 3 mm, P = 1000 N, Q max = 520 N, COF = 0.9 [7] .
effective COF is greater than these measured values and does not remain constant [59, 61, 64] . This can explain some of the large variability in the measured values. Since it is the local response that controls crack nucleation, higher values of COF are usually needed to better correlate the response. The use of COF = 0.9 or greater for uncoated dry Ti-6Al-4V on Ti alloy contacts seems to give response distributions that are consistent with experiments [7, 61, 65, 66] .
Fretting Fatigue Limit and Crack Growth
The relationship between plain fatigue strength for 10 7 cycles and fretting fatigue strength as a function of stress ratio R is shown in Fig. 4 . The worse-case fretting fatigue limit for Ti-6Al-4V is based on the model of Chan et al. [67, 68] for mean pressure of 200 MPa. The worse-case fretting fatigue limit is only realized if fretting cracks of sufficient size have formed. The relationship between fretting crack size and its effect on the fretting fatigue strength can be understood using a Kitagawa-Takahashi type diagram as shown in Fig. 5 [66] . Fretting cracks that do not grow larger than 50 µm due to fretting stresses will become non-propagating if the bulk fatigue loading is below the worse-case fretting fatigue limit. The largest cracks form when the fretting conditions are operating in the MSR (Fig. 2) near the transition between partial and gross slip, when Q a is approaching the maximum value of µP where µ is the COF. The UTRC data shown in Fig. 4 corresponds to gross slip conditions. With less severe fretting conditions, the fretting fatigue limit is higher than the worse-case curve. For example, the fretting fatigue limits of Lovrich and Neu [33] , particularly at higher R, correspond to a PSR condition well below the transition to gross slip (Q a /P = 0.3 to 0.5). In these cases, the realized fretting fatigue strength curve is above the worsecase curve. For fully-reversed loading R = -1, the fretting fatigue running condition is approaching gross slip due to the higher amplitude of loading. Hence, the fretting fatigue limit for R = -1 is near the worse-case threshold.
Between the fretting fatigue and plain fatigue limit is the finite life fretting fatigue regime. Several models have been proposed to determine the drivers in the finite life regime. The worsecase lower limit can be raised via modification of the fretting stresses and through the use of palliatives discussed later.
Since cracks form readily under conditions that promote fretting as discussed in the previous Fig. 5 . Kitagawa-Takahashi type representation of residual fatigue strength for fretting-fatigue damaged Ti-6Al-4V specimens exhibiting cracks [66] . Fig. 4 . Influence of bulk stress amplitude and stress ratio on the fretting fatigue limit based on 10 7 cycles.
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section, a fretting crack is assumed to be present and a fracture mechanics approach is used to determine the fretting fatigue limit (e.g., [3, 65, 67] ). The initial crack size is either arbitrarily chosen based on minimum crack size that can be detected using nondestructive inspections or determined by the critical size of the FFPV determined in a crack initiation analysis [56, 69] . A long crack growth model for duplex Ti-6Al-4V was developed in the U.S. Air Force HCF program [1, 53] . A combined initiation and crack growth approach often offers more success in the finite life fretting regime [3, 24, 56, 69] . Hence, as long as the cracks that form from fretting remain smaller than the critical flaw size, determined by the crack driving force ∆K being less than the threshold ∆K th , the structure is safe. For duplex Ti-6Al-4V, the worst-case "closure-free" threshold ∆K th = 1.9 MPa m 1/2 [70] . This value is determined from a R = 0.95 test. As the stress ratio R decreases, the threshold increases to ∆K th = 2.9 MPa m 1/2 for R = 0.5 and ∆K th = 4.6 MPa m 1/2 for R = 0.1 [70] . The difficulty of using this approach is determining ∆K for small cracks while including the fretting stresses. There is a need to consider mixed-mode crack drivers as well as corrections for small cracks [3, 57, [67] [68] [69] 71] , particularly microstructurally-short cracks [72] .
Effect of Microstructure
Ti-6Al-4V can be processed and heat-treated to produce a variety of microstructures having considerable differences in fatigue properties [73] . Systematic variations in microstructure on fretting fatigue strength were considered by [16] for fretting fatigue in point contact with P/P y < 0.10. Microstructures considered included mill-annealed, solution-treated and overaged (STOA), acicular, Widmanstätten, and a highly hardened martensitic. It should be noted that the pointcontact configuration produced rather mild fretting fatigue conditions compared to other studies involving line contacts; i.e., the fretting fatigue strength of the baseline microstructure was about 225 MPa at R = -1, which is considerably greater than the worse-case fretting fatigue strength (see Fig. 4 ). Under these conditions, the microstructure did not significantly influence the fretting fatigue behavior except in the case of the highly hardened martensitic microstructure which had a yield strength of 1137 MPa and greater fretting fatigue resistance compared to all the other microstructures which had yield strengths ranging from 850 to 970 MPa. Hence, fretting fatigue lives scale with hardness and yield strength. In addition, a coarse STOA exhibited a lower fretting fatigue strength compared to the baseline STOA, though the difference was not more than a factor of two. This trend is consistent with fretting crack nucleation predictions that employ microstructure-based modeling [74] . In another study a homogeneous bi-modal microstructure (i.e., the duplex microstructure) was shown to have better fretting fatigue crack nucleation resistance than a heterogeneous lamellar microstructure [75] . This is consistent with plain fatigue trends for crack nucleation and is opposite the long crack growth behavior where a heterogeneous lamellar microstructure tends to provide more resistance to crack growth due to the increased torturous nature of the crack path [76] . Hence, a microstructure that is more resistant to fatigue crack nucleation will also likely be more resistant to fretting crack formation.
Deformation processes can create crystallographic texture in the microstructure. Texture is known to affect the cyclic response and fatigue life of Ti-6Al-4V in ordinary fatigue [77] . This is attributed to cracks nucleating via quasi-cleavage along basal planes of the α nodules. Dislocation slip mainly occurs in the primary α nodules along prismatic and basal planes with the largest Schmid factors [78] . Hence, the location of these primary α nodules with respect to the fretting stresses is critical. The influence of these microstructure attributes on fretting crack formation and crack growth can be determined using three-dimensional microstructure-based modeling [21, 74, [79] [80] [81] . Recent crystal plasticity models for Ti-6Al-4V [82] are able to capture the influence of crystal orientations of both primary α and α+β lamellar colonies by considering the distinct threedimensional slip geometry for each phase. These modeling studies clearly show that the localized cyclic deformation, which is the driver for crack formation, is quite dependent on the heterogeneity of the microstructure. The difference in the deformation response of adjacent domains results in the highly localized cyclic shear near the boundaries between these domains.
Effect of Environment
When fretting fatigue tests are conducted in air, the fretting fatigue behavior of Ti-6Al-4V is insensitive to temperature unless it is greater than 400°C [10, [83] [84] [85] . At very high temperatures (> 400°C), a glaze oxide may form which tends to reduce friction and help protect the surface, leading to reduce wear and an increase in life [86] . Any corrosive process that causes a layer to form on the surface tends to be protective and hence beneficial [87] .
Even air may be considered a corrosive environment for Ti alloys. Fatigue tests conducted in vacuum compared to air generally have a considerably greater fatigue life. Quasi-cleavage along basal planes occurs in air atmosphere, perhaps due to hydrogen [88] . The influence on fretting fatigue in vacuum or inert environments may be different due to the increased adhesion and reduction of abrasive wear that occurs in a reduced oxygen environment. In addition, increased oxygen levels in the FFPV will locally reduce the ductility, fracture toughness, stress-corrosion resistance, and fatigue crack growth resistance of Ti-6Al-4V [73] . However, no studies have been reported that systematically address the influence of reduced oxygen on fretting fatigue behavior of Ti-6Al-4V. When fretting fatigue experiments are conducted in simulated seawater environment, the life is reduced [89, 90] .
Changes in Surface Characteristics with Fretting
Fretting increases the oxygen in the surface layers including formation of oxides, primarily TiO and TiO 2 [8, 91, 92] . Fretting also has been shown to produce a basal microtexture in the surface layer to a depth of about 20 µm [92, 93] . In slip regimes a finer transformed microstructure has been observed [91, 94, 95] including transformation of β into α [91] . An increase in hardness of the surface layer is generally associated with these changes in the surface structure and with an increase in oxygen [91, 92, 94, 95] . Fretting damage generated in gross slip conditions exhibit more obvious changes (cf. [94, 96] ), though similar changes have been observed in the microslip regions under partial slip conditions.
Since there is plastic deformation in the surface layer particularly near the slip regions along the interface [97] , an increase in low angle misorientations occurs and can be measured using electron backscatter diffraction (EBSD) techniques [92, 93] . The magnitude of the misorientations depends on the relative slip amplitude and number of cycles [93] . Residual stresses also develop in the surface layer, initially free of residual stresses, due to the constrained cyclic plasticity [98, 99] . Though in cases where the deformation is localized very near the edge of contact, residual stresses are generally difficult to detect [100] .
An increase in surface roughness leads to increased pressure where asperities contact, often promoting crack nucleation due to adhesion at asperities and intense pressures [101] , but since the fretting fatigue process volume tends to be smaller because of the steeper gradient in the stressstrain field, a decrease in fretting fatigue life is not always realized and in many cases there can be a benefit with increased roughness as discussed in the next section.
The effect of different pad materials (e.g., Al alloy, Inconel) does not significantly change the fretting fatigue life of Ti-6Al-4V if the fretting stresses in the Ti-6Al-4V body are equivalent [38, 102] . Though different materials can certainly modify these fretting stresses because of the difference in material properties, friction, and wear behavior.
Surface Treatments
There are five functional categories of surface treatment strategies for fretting fatigue. All have been used to improve the fretting fatigue behavior of Ti-6Al-4V. Effective palliatives shift the fretting fatigue strength up from the worse-case fretting scenario (refer to Fig. 4) .
(1) Induce compressive residual stress in the surface layer via a mechanical treatment. This works by arresting cracks that have formed from fretting and hence its function is to reduce the driver for fatigue crack growth.
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Advances in Understanding the Fatigue Behavior of Materials (2) Decrease friction (for displacement control fretting conditions). Its function is the reduction of the cyclic fretting stresses, and hence its primary effect is reducing the driving forces for fretting crack formation.
(3) Increase hardness. Increasing hardness reduces the extent of plasticity in the surface layer, which is a significant driver for forming fretting cracks. In addition, relaxation of compressive residual stresses due to cyclic plasticity will be minimized. Hence, the primary function is to increase the material resistance to fretting crack formation.
(4) Increase shear compliance between bodies (e.g., via "softer" coating with lower modulus and/or yield strength). This works by enabling the relative displacement to be localized in the compliant layer reducing the fretting stresses in the structural substrate material. Thicker coatings or shims tend to be more effective since a larger shear displacement can be accommodated. The primary effect is a decrease in the driver for fretting crack formation.
(5) Increase surface roughness (i.e., textured surface). Tailoring the surface topography tends to reduce the effective FFPV and reduce the localized stress concentrations due to fretting, both of which decrease the driver for fretting crack formation [103, 104] . Increasing the surface roughness is most effective when it is coupled with an increase in hardness so the textured surface will not be worn away in the slip regions.
Surface treatments are only effective if their function does not degrade under fretting conditions. Residual stresses relax, coatings wear away, surface roughness evolves with wear, friction increases, and so on.
Mechanical Treatments -Compressive Residual Stress. Since the fretting fatigue limit is associated with the arrest of small cracks generated from the cyclic shear at the interface, introducing compressive residual stress at the locations of the anticipated crack tips of the fretting cracks is quite effective in increasing the fretting fatigue limit. Inducing compressive residual stress is highly effective as long as the depth of the compressive residual stresses is greater than the depth of the cyclic fretting stress field (i.e., the FFPV).
Processes that induce compressive residual stress also typically increase the hardness of the surface layer, which generally has a beneficial effect since it reduces the extent of cyclic plasticity near the surface. The most common processes include shot peening [105] [106] [107] [108] [109] [110] [111] [112] , laser shock peening (LSP) [110, 111, 113] , and low plasticity burnishing (LPB), also known as deep rolling [34, 108, 111, 113, 114] . Both LSP and LPB generate considerably deeper compressive residual stresses while inducing less cold work compared to shot peening. The main concern with any of these treatments is ensuring that the self-equilibrating tensile residual stresses are not located in a highly stressed region where cracks can form [34, 107, 112] . LPB needs to be carefully controlled to prevent any change in surface profile that may acerbate fretting [34] . Cavitation shotless peening [115] is another process though it presently does not appear to generate sufficiently deep residual stresses for significant benefit in fretting. It is possible to capture the influence of residual stresses on the fretting fatigue driving force using finite element analysis [107, 116, 117] .
Another concern is the relaxation of residual stresses. This can be due to plasticity in surface layers [85, 98, 99, 109, 111, 118, 119] or due to elevated service temperature [85, 106, 120] . For example, about 30% of the residual stresses generated by shot peening relaxed during a test at 260°C, resulting in a reduction in fretting fatigue life [85] . LSP-and LPB-generated residual stresses do not relax as readily due to the deeper compressive stress and the reduction in cold work. Excessive cold work accelerates the relaxation of residual stresses [112] . It is possible to recover the residual stresses by reshot peening as long as critical fretting cracks have not already formed [121] .
The effect of different process treatments on fretting fatigue life is shown in Fig. 6 . These specimens were soaked at 375°C for 10 hours after treatment to replicate the relaxation due to inservice temperatures. A significant benefit remained even for shot-peened specimens compared to the untreated case in this study. Note that LPB can even provide equivalent or longer life than plain fatigue under loading conditions such as bending where the largest cyclic stress is restricted to the compressive residual stress volume.
To underscore that the function of surface treatments generating deep compressive residual stresses is to reduce the crack growth driving force, fretting fatigue cracks formed in a LPB-processed specimen are shown in Fig. 7 . Without treatment, the life is less than 50,000 cycles [33] . The cracking behavior is typical of a severe fretting condition. Multiple cracks form, generally at an angle related to the cyclic fretting stress-strain field. These cracks arrested in the compressive field, in this case, nearly 200 µm deep. Also note that oxide debris often fills the cracks that form, reducing the stress intensity range at the crack tips. Because of the multiple cracks, shielding effects also reduce the crack growth driving force. The wide mouths of the fretting cracks indicate that ratcheting of plastic strain is an important driver for fretting crack Fig. 7 . Optical microscope images of a cross section showing the cracks in a LPB specimen near each edge of a cylindrical Ti-6Al-4V on Ti-6Al-4V contact with radius of 50 mm and width (perpendicular to the fretting direction) approximately 3.2 mm tested at σ a = 275 MPa, R = -1, P = 1340 N for 528,000 cycles [34] . Fig. 6 . Fretting fatigue life data for Ti-6Al-4V in 4-point bending comparing three different surface treatments: electropolished, shot peened, and LPB for R = 0.1 tested at room temperature at 30 Hz after a 10 hour soak at 375°C [108, 112] .
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Advances in Understanding the Fatigue Behavior of Materials formation [31] . Because the compressive residual stresses reduce the crack growth driving force, the maximum crack size formed from the fretting stresses alone is smaller when a compressive residual stress is present as shown in Fig. 8 .
Coatings and Diffusion Treatments. An effective coating satisfies multiple objectives of surface treatments. Most are aimed at minimizing fretting fatigue crack formation by eliminating it completely or reducing the drivers so the resulting fretting cracks are smaller (i.e., the FFPV is reduced). Due to the proprietary nature of coating systems, an exhaustive review is not possible. Hence, the focus here will be on some of the more common coatings where its effect on fretting of Ti-6Al-4V has been documented. It should be kept in mind that most coatings have been evaluated under a limited range of fretting conditions and under particular processing conditions. Hence, results at times are conflicting and are only beneficial, if indeed the case, under those particular conditions. Surface treatments that permanently reduce friction generally improve the fretting fatigue life. Lower friction reduces the volume of material undergoing large cyclic fretting stresses and therefore reduces the FFPV. Coatings can be separated into three main categories: hard metallicbased coatings, soft coatings, and non-metallic coatings.
Hard metallic-based coatings: The typical characteristics of hard coatings include a hardened surface, usually lower COF, and often the added benefit of compressive residual stress in the surface layer. One example of hard coatings is ion implantation of N, C, or B [122] [123] [124] [125] [126] [127] . The strengthening mechanism involves both solution and precipitate hardening. Generally, the latter (i.e., TiN precipitation or carbide formation) is required to show a significant improvement in fretting fatigue and wear behavior. TiN particles do not readily form in Ti-6Al-4V because N has good solubility in α-Ti [124] . For ion implantation, the depth of penetration is typically less than 0.5 µm [124] . Ion implantation results on Ti-6Al-4V to date do not show significant improvement particularly for attachment applications involving metal-on-metal contact and a FFPV larger than 0.5 µm. This technique seems to have more success in orthopedic implants when the contacting body is a polymer. Plasma nitriding generally gives a deeper case (e.g., 4 µm) [111, 126, 128] . However, the COF can also increase resulting in a reduced fretting fatigue strength [111] . To get deeper cases, the processing temperature needs to be higher, which can adversely affect the base Ti6Al-4V microstructure. Plasma nitriding appears to be better than PVD TiN coatings which degrade in the microslip regions due to delamination and abrasive wear damage [126, 128, 129] . Ion-beam-enhanced deposition (IBED) of CrN films provides reduction in COF, high hardness, and compressive stress in the surface layer and hence may be beneficial [130] . The thickness of the film is about 1 µm though the hardening depth of IBED films is deeper than the film thickness due to the effect of ion beam bombardment [130] .
Soft coatings: The function of soft coatings is to increase the shear compliance between the bodies and usually lower the COF. These coatings tend to be much thicker than typical hard metallic-based coatings, often 50 to 150 µm thick. These coatings tend to reduce the local fretting stresses [131] , perhaps in part due to a favorable pressure and traction redistribution. In addition, the reduced elastic modulus of the coating coupled with the thickness results in an increase in the shear compliance at the interface, thus the term "soft" coating. A common example for Ti-6Al-4V is plasma spray Cu-Al coatings, sometimes called Al-bronze coatings [114, [131] [132] [133] [134] . The composition is typically about 90% Cu and 10% Al plus some other elemental additions. The elastic modulus is closer to 50 GPa versus the base Ti-6Al-4V value of 120 GPa. Under fretting wear conditions, the wear of this coating scales with dissipated energy (i.e., size of the hysteresis Fig. 8 . Maximum crack size after 100,000 cycles from fretting alone, comparing untreated and shotpeened surfaces [7] .
Key Engineering Materials Vols. 378-379loops) [134, 135] . Results on improving fretting fatigue have been mixed [132, 133] . Plasma spray Cu-Ni have been shown to lower COF and increase roughness which becomes smoother with fretting, likely prolonging life due to traction redistribution [136, 137] . Other thick soft coatings such as plasma spray Mo (40 µm thick) and electroless Ni-B (55 µm thick) result in some reduction in friction and wear, though they show evidence of little improvement on the fretting fatigue behavior [111] . Electroless Ni-B coating reduces wear, attributed to the increased hardness due to the boron addition, yet there is little improvement on fretting fatigue life.
Non-metallic coatings: The function of non-metallic coatings is to decrease the COF and usually increase hardness of the surface. An example is diamond-like carbon (DLC) coatings. The typical thickness of these coatings is 1 to 5 µm. These coatings show some promise particularly under milder fretting conditions in the partial slip regime for which the coating will not become damaged [111, 113] . The primary mechanism leading to the improvement in life is the reduction in the COF, for example, from 0.7 to 0.25 in one study [113] . Under more severe fretting conditions including gross slip and higher load fretting conditions, these coatings may wear away or delaminate.
Future Directions
Compared to most material systems, there is a good amount of fretting fatigue data coupled with microstructure-based models for duplex Ti-6Al-4V. Hence, this is an ideal system to evaluate new microstructure-based design approaches with the objective of developing process routes that result in robust surface microstructures for better fretting fatigue performance. Through a computational materials design approach, one could conceivably include process-structure models of surface treatments, coupled with fretting fatigue microstructure-performance models in designing robust surfaces that are resistant to fretting fatigue.
Surface treatments are only effective if the depth of property changes is congruent with the fretting loading conditions; hence, a computational materials design solution that takes into account the variation in material microstructure with depth, the distribution of residual stresses, along with the geometry and loading of the two bodies in contact is needed. The evolution of the microstructure and residual stresses can be an important component of the fretting crack formation process.
New techniques to characterize fretting damage will be critical in validating these microstructure-based approaches. The latest include quantifying the relationship between the threedimensional microstructure and fretting cracks via serial sectioning using either conventional metallographic approaches or focused ion beam (FIB), and X-ray micro-tomography coupled with a crystal microscope [138] .
